Abstract. In this paper we explore the theory and logic behind the development of the second generation of the California urban futures model, a site-specific urban growth and simulation model. The second-generation model remedies three of the major shortcomings of the first generation. It substitutes a statistical model of urban land-use change, calibrated against historical experience, for an uncalibrated 'developer-driven' model. It includes multiple urban land uses (for example, singlefamily residential, apartments, retail and office, and industrial) and allows them to bid against each other for preferred sites. It allows previously developed sites to be redeveloped into different uses. Finally, in addition to simulating the spatial impacts of regulatory policies, it can also simulate the effects of major infrastructure investments such as highways and transit lines.
In part 2 the calibration of the land-use change submodel is explained. In part 3 the use of the CUF-2 model for simulating alternative regulatory and investment policies in the San Francisco Bay Area is demonstrated and we conclude with an assessment of the advances made and the remaining deficiencies of the model.
Recent developments in urban activity modeling
As two recent reviews by Wegener (1994; 1995) make clear, the state of the art of operational urban activity models is advancing at moderate pace. Two developments of recent years-one theoretical, the other data oriented-are combining to help metropolitan growth modelers produce ever more explicit models of urban activity patterns. The first of these is the incorporation of random-utility theory to predict generalized location and travel choices based on observed household, firm, or traveler behaviors. This ability to model metropolitan-scale activities as combinations of individual location and travel choices represents a significant step forward in the theoretical development of urban models.
A second advance is based on the growing availability of longitudinal microscale data, and on the growing power of GIS-based software to analyze such data. Activity data tied to specific locations in space (either through Cartesian georeferencing or address matching) are now available in many locations. This makes it possible to represent the metropolitan area as a collection of individual sites or locations, rather than as zones. It also makes it possible to track and analyze actual patterns of metropolitan land use, and demographic or economic change, instead of relying on changes in zonal aggregates. Building on such newly available data sources, Batty (1992) , Batty and Xie (1994) , and, more recently, Clarke et al (1997) have begun to insert processes of spatial change (such as cellular growth and diffusion) into urban models.
These advances notwithstanding, a number of significant challenges remain. The first is the absence of actual, that is, observed land or building prices. Site prices are typically determined endogenously in most urban growth models, either as travel-based shadow prices or indirectly through the process of market clearing. This limits the ability of most metropolitan activity models to simulate the effects of realistic landuse policies and regulations or of nontransportation infrastructure investments. Until urban activity models can be calibrated against the characteristics of observed land-use transactions, including both location and price, their usefulness for real-world applications will remain suspect.
A second challenge concerns the modeling of economic activity, particularly jobs. Most existing metropolitan models adhere to some form of export-base framework. The total demand for regionally exported goods and services is determined exogenously as a model input. Once determined (and converted to jobs), regional economic activity is then disaggregated sectorally into primary and secondary industries, as well as disaggregated spatially by zone. The processes by which actual job changes really occur-through the growth or shrinkage of existing industries, through the birth of new industries or the decline of older ones-are ignored. Similarly ignored are the nontransportation cost
(1) reasons why industries locate where they do. A third challenge concerns how best to represent and integrate supply-side characteristics. Missing from most urban growth models are a wide variety of supply-side considerations, including the suitability of the built and natural landscape to support new or additional development; the capability of the landscape to support development at different intensities; and the characteristics and behaviors of builders and developers. Because of these limitations, none of the present urban models can be used reliably (1) Transportation costs typically enter as employee journey-to-work costs and, in a more limited number of models, as goods shipment costs.
for project-based environmental, social, or fiscal impact analysis, or for cumulative impact assessment.
A related problem, identified twenty-five years ago by Lee (1973) , is the insensitivity of most urban models to many types of regional and local development policies. Present urban models are useful for analyzing the travel, congestion, air quality, and perhaps regional economic implications of new highway and/or transit policies,
but not for much else. Because they do not include site-level environmental or regulatory information, these metropolitan activity models are limited in their ability to analyze (or simulate) the sorts of zoning changes, environmental regulations, and particular infrastructure investments of most interest to local governments.
The logic of the CUF-2 model
The first generation of the CUF model was designed to fill some of these gaps. As noted by Wegener, it sacrificed comprehensiveness and theoretical elegance in favor of spatial detail and an ability to simulate local policy initiatives. The newest version of the model maintains the same policy focus and level of spatial detail as the original, while plugging some of its theoretical holes. Conceptually simpler than its predecessor, the CUF-2 model is also much more data intensive. Figure 1 (see over) shows its four main components. (a) Activity projection. This first component of the CUF-2 model consists of a series of econometric models used to project future population, households, and employment by jurisdiction at ten-year intervals. The equations used to project population and households are the same as those used in the first CUF model (Landis, 1994) . Employment projection is new to the CUF-2 model. Using County Business Patterns data from 1981, 1989 , and 1993, we generated three-digit employment estimates for every zip code. These estimates were then aggregated by city and sector.
(3) Separate econometric models were developed for each sector. The development of these estimates and the calibration of the different sector models is detailed in Landis et al (1998) .
(b) The spatial database. The second component of the CUF-2 model consists of a GISbased database of developable land units (DLUs). As in the prior version, DLUs are potentially developable or redevelopable sites. In the original CUF model, DLUs were generated as the spatial union of multiple GIS layers. The resulting DLU database consisted of thousands of unique polygons, each defined as different along some attributable dimension than its immediate neighbors. In this version, DLUs consist of one-hectare (100 m x 100 m) grid cells, which may or may not be uniquely different from adjacent grid cells. The shift from polygons to grid cells was made for a number of reasons. First, the analytic power of grid-based GIS procedures has advanced considerably since the first version of the CUF model. Second, data on existing and historical land uses are collected and tabulated at the hectare level by the Association of Bay Area Governments (ABAG).
(4) These data are essential to the development and calibration of the land-use change (LUC) submodel, described below. Finally, the hectare grid cell has about the right level of resolution for analyzing patterns of development and land-use change. The spatial database includes ten data layers: (1) land uses in 1985 and 1995, by hectare, as identified by the ABAG; (2) percent slope, as estimated from USGS digital elevation model (DEM) data; (3) publicly owned or controlled lands; (4) wetlands, as identified from the National Wetlands Inventory; (5) city boundaries in 1990, obtained from 1992 TIGER files; (6) spheres of influence in 1990, as digitized from paper maps provided by county LAFCOs;
(5) (7) urbanization and agricultural land quality, as determined from digital maps provided by the California Farmland Mapping Project; (8) general plan designations in 1990, as digitized from paper maps provided by Contra Costa, Sonoma, and Solano Counties; (9) major highway rights-of-way and interchange locations, as obtained from 1992 TIGER files; and (10) major rail transit rights-of-way and stations, as digitized from paper maps. (c) The land-use change submodel The LUC submodel is the heart of the CUF-2 model. It is a series of probabalistic equations that relate hectare-scale land-use changes (between 1985 and 1995) to more than two-dozen site and community characteristics, including local population and employment growth; proximity to regional job centers; site slope; whether the site is within or beyond city boundaries or spheres of influence; the uses of surrounding sites; the availability of vacant land; site proximity to freeway interchanges and transit stations; and site proximity to major commercial, industrial, and public land uses.
Because land-use change is a discrete rather than continuous phenomenon, the LUC submodel is estimated by using a multinomial logit procedure. Altogether, nine different (5) LAFCO is an acronym for local agency formation commissions. LAFCOs are countyconstituted agencies which set municipal and special district service boundaries and adjudicate boundary disputes.
types of site-level land-use change are considered: (1) change from undeveloped to single-family residential use; (2) change from undeveloped to apartment use; (3) change from undeveloped to office or retail use; (4) change from undeveloped to industrial use; (5) change to residential use from another developed land use; (6) change to commercial use from another developed land use; (7) change to industrial use from another developed land use; (8) no change in undeveloped land use; and (9) no change in developed land use. In part 2 the specification and calibration of the nine logit models is discussed in greater detail. (d) The simulation engine. The statistical results of the LUC submodel can be used to calculate site-specific land-use change probabilities (for example, the probability that a specific vacant or previously developed site will be developed or redeveloped in residential, commercial, or industrial use). These probabilities may in turn be interpreted as 'bids' for development or redevelopment. Projected population and job growth (from step a) can then be allocated to particular sites by bid score.
Calculated bid scores vary by site as well as by potential use. This means that different uses (such as single-family residential, apartments, commercial and industrial uses) can bid against each other for specific sites. Used in this way, the CUF-2 Model allows for competition between uses as well as between sites.
This bidding framework also allows for land use and jurisdictional 'spillover'. If, for example, a city has more than enough sites to accommodate projected commercial development, but lacks sufficient sites to accommodate projected residential development, unaccommodated residential growth may be allowed to spill over to sites whose 'highest and best land use' (as represented by their bid scores) would otherwise be for commercial development.
Bid scores can also be compared across jurisdictions. Residential or commercial development which cannot be accommodated in one jurisdiction may spill over to other jurisdictions. In part 3 the use of the simulation engine to test alternative policy scenarios and the dynamics of spillover are discussed in greater detail.
Rethinking urban land-use change: a path-dependent and discrete approach
In this section we present the theory underlying the development of the LUC submodel. Viewed through the lens of urban economics, or as a series of ten-year aerial photographs, the process of metropolitan land-use change seems to follow regular and explainable patterns. Farm and resource lands at the urban edge are converted to singlefamily subdivisions. Industrial districts develop around major interurban transhipment facilities. Commercial and office development occurs around key intrametropolitan transportation nodes. Apartment complexes spring up near central city and suburban central business districts.
When viewed at the level of the individual parcel, this same process seems much more variable and idiosyncratic. A farmer who prefers to continue farming refuses to sell his or her land to a subdivider despite being offered a terrific price. Excessive exactions or uncompromising neighborhood opposition prompt a homebuilder to skip over a preferred site in favor of one which is easier to develop. A retail developer misjudges the market and builds a shopping center before there is sufficient residential demand. A land speculator in need of ready cash sells to another who has deeper pockets. A progrowth majority planning commission gives way to a slow-growth majority/ 6 ) Taking a parcel view of metropolitan land-use change generates three fundamental insights. The first is that the process is fundamentally discrete. That is, large-scale metropolitan land-use change occurs as the sum of individually distinct, (6) Over the long term, many of these idiosyncracies are presumed to give way to the logic of the market.
parcel-level, land-use changes. Such changes can be large, as in the development of a new master-planned community, or they can be small, as when an old gas station is converted into a bakery. Either way, it is the conversion and development of individual sites which fuels metropolitan growth. The second insight is that the process is path dependent. Path dependency means that the order in which a series of events occur determines their cumulative outcome. Land developed originally in the 1960s under one set of market conditions is therefore not available for (new) development in the 1990s; depending on market conditions, it may be available for redevelopment. If the truculent farmer in the above example had sold his or her land in the 1970s, the metropolitan area in which his or her children now reside might have looked quite different. Urban areas are full of private and public projects which intentionally and inadvertently changed the course of metropolitan development. The third insight, long known to land-use attorneys and urban designers, is that it matters who one's neighbors are. The development of a single-family subdivision makes it more likely that an adjacent parcel will be developed in residential or retail use and less likely that it will be developed in industrial use. Added together, these nearest neighbor and adjacent-use effects can have a substantial impact on urban spatial structure.
Unit of analysis
The ideal unit of analysis for studying urban land-use change is the parcel. Parcels have area, location, identifiable land uses and, best of all, are the basis of actual land transactions. Regrettably, digital parcel maps are not yet available for any San Francisco Bay Area county for any year. What is available is a database of land uses in 1985 and 1995 covering all nine Bay Area counties and organized into onehectare (100 m x 100 m) grid cells. (A hectare is approximately 2.47 acres.) As compiled by the ABAG, each grid cell is classified into one of more than a hundred land-use categories according to the Anderson land cover classification system.
(7) Altogether, the ABAG database includes nearly 1.8 million grid cells.
Hectare grid cells have advantages and disadvantages as units of analysis. On the positive side, they are small enough to capture the detailed fabric of urban land use but large enough to avoid problems of data noise.
(8) And, because their location and geometry are fixed, changes across time and data layers can easily be identified. On the negative side, hectare grid cells lack physical or legal reality. Unlike parcels, they are not transacted. Nor are they regulated directly. Thus they are not themselves the subject of development or redevelopment decisions.
We modified the original ABAG database in two ways to make calibrating the LUC submodel easier. First, we eliminated those grid cells which a priori we believed were extremely unlikely to have changed land use between 1985 and 1995. These included grid cells known to be wetlands, grid cells more than 50 km from a highway, and grid cells more than 30 km from a highway with a slope exceeding 20%. The effect of this screening was to reduce the quantity of land-use changes to be modeled to a computationally manageable level. Second, we collapsed the 100-plus Anderson land cover categories into 7 urban land-use categories; (1) undeveloped; (2) single-family residential; (3) multifamily residential; (9) (4) commercial; (5) industrial; (6) transportation; and (7) public.
(7) When multiple land uses were present, grid cells were coded to their majority land use. (8) The presence of many different and distinct land uses in a small area may make it difficult to discern broader land-use patterns. This is the problem of noise. (9) The ABAG database does not identify multifamily residential uses. Using a procedure documented in Landis et al (1998), we identified multifamily hectares by comparing the ABAG database with 1990 Census housing-unit counts for block groups.
The logit framework Traditional techniques (such as regression analysis) are poorly suited to modeling discrete processes such as parcel or site-level land-use change. Logit and probit models-so-called discrete choice estimators-are a more appropriate choice/ 10 )
Logit models typically come in two forms: binomial models, in which the dependent variable can take on one of only two values; and multinomial models, in which the dependent variable can take on more than two values. Although harder to calibrate and interpret than binomial logit models, multinomial logit models are better suited to analyzing processes such as land-use change, where multiple outcomes are common.
All of the models presented below and in part 2 are multinomial logit models. They are also nonordinal models. This means that the categories which make up the dependent variables cannot be ordered or ranked. As applied to processes of land-use change, this means that no one type of land-use change can be presumed a priori to be universally superior to another. The extent to which commercial uses, for example, are judged superior to residential users (12) is determined exclusively by the data and the resulting model coefficient estimates. For simulation purposes, the fact that the models are nonordinal means that various land uses can effectively 'bid' against each other for preferred sites. The generalized form of the multinomial logit model (as applied to site-level land-use change) is as follows: where P [i\l] is the probability that each site / is developed or redeveloped to use /; x im are explanatory, or independent, variable associated with each site i; P m are the logit coefficients (to be estimated) associated with land use / and variable x m ; L is the full set of land-use changes.
From discrete choice to discrete change Until now, multinomial logit models have been used principally to analyze the behavior of individual decision units at a single point in time. (13) As explained by Domencich and McFadden (1975) , the use of a logit estimator to model individual choices is based on three assumptions. The first is that, when faced with complete information, individuals will rationally choose the alternative that maximizes their own utility. A second assumption is that the commodity space which describes the alternative set must be (10) Statistical models with discrete or categorical dependent variables have been classified by Fisher and Nijkamp (1985) as being of two types: discrete-choice models, and discrete-data models. Though they may be estimated by similar techniques (for example, logit), the two model types are fundamentally different. Whereas the former have a clearly defined behavioral interpretation based on random-utility theory, the latter do not. (11) Multinomial logit models are harder to calibrate because the number of computations increases as a power function of the number of categories. They are harder to interpret because each additional category adds an additional coefficient estimate per independent variable. (12) Urban economists sometimes assume that commercial land uses are superior to industrial land uses, which are in turn superior to residential land uses. 'Superior' is used in this context to mean that one land use generates consistently higher land rents or profits than another. Another term used to identify superior land uses is 'highest-and-best use'.
(13) Multinomial logit has been widely used to estimate transportation mode and route choice decisions (Ben-Akiva and Lerman, 1985) . It has also been used to model residential and work location choice (Lerman, 1975) , as well as industrial location and/or relocation decisions (Wadell and Shukla, 1993). differentiate and convex (Fisher and Nijkamp, 1985) . A third assumption-one which is usually treated as implicit-is that individual choices are independent. What this means is that the decisions made by one individual neither do nor can affect the decisions made by other individuals. This last assumption rules out the possibility of strategic behavior.
Adapting the multinomial logit model to the task of explaining land-use change requires some additional assumptions. We begin by assuming that the decision to develop a previously vacant site (or to redevelop a previously developed site) will be based on a rational evaluation of the prospective profit or rent associated with different development forms. For a given site /, let R(y t ) denote the profit potential associated with a particular land-use change y. An alternative land-use change (y*) will occur iff:
That is, the site will be developed into the land use that generates the highest potential profit. The profit potential associated with each choice, R(y t ) 9 is determined by a set of site attributes. Because some attributes are indeterminate or unobservable, the land-use change function is assumed to be probabalistic. Let P(y t ) denote the probability that choice y is made for site /. Under assumptions of profit maximization:
P(y t ) = P[R(y t ) > R(yf) 9
for all / ^ v*].
Under the simplest assumption that the unobserved attributes are independent and distributed identically according to a Gumbel type-1 extreme value distribution, this probability takes the form of a multinomial logit function [see McFadden (1974) ] for the mathematical proof of this derivation]. Much as random-utility theory underlies the use of the logit function to model consumer choice, we use the idea of a random profit function to develop models of land-use change.
Further complications Transforming consumer-based random-utility theory into developer-based random profit theory requires overcoming two problems. The first is theoretical. It involves the assumption that landowners and developers act independently of each other-that is, each developer or landowner independently appraises the profit potential for every site and then bids accordingly. As noted above, this assumption rules out the possibility of oligopolistic or strategic behavior/ 14 ) The problem lies in the fact that landowners and developers do engage in oligopolistic and strategic behavior. And so, for that matter, do many land sellers. Perhaps the more appropriate question is not whether land sellers, landowners, and developers engage in strategic behavior (we assume they do); it is whether that behavior is likely to succeed. To the extent that land development has been shown to be no more profitable over the long run (15) than other businesses, the answer to this second question is probably no. Competition, we assume, levels the playing field and makes the expected return (or profitability) associated with strategic behavior close to zero. A second problem revolves around the question of agents. In the case of conventional discrete choice analysis, the agent is the individual or household. Consider the (14) In the case of oligopolistic behavior, groups of landowners or developers act in concert. In the case of strategic behavior, a single developer or landowner acts to preempt or manipulate another. (15) Some landowners and developers, particularly those operating in monopolistic or monopsonistic markets, do make extraordinary profits. Most, however, do not. Landowners and developers face multiple sets of risks (market risk, business cycle risk, interest rate risk, entitlement risk), none of which are directly controllable. The presence of these risks plus the fact that there are such low barriers to entry result in a development industry that is dynamic, highly competitive, and not necessary likely to generate high returns. situations of commuters comparing alternative work-trip modes or of households trying to decide where to live. In the case of commuters, each traveler faces a series of mode choices (for example, driving, walking, or taking the bus) all of which can be decomposed into a comparable set of attributes (for example, travel time, wait time, travel cost). In the case of household location, each household faces a series of residential choices all of which can also be decomposed into comparable attributes (house size, neighborhood, distance to work, school quality, etc). Each traveler chooses the work mode which, based on its attributes, maximizes his or her utility. Similarly, each household chooses a house and location which, based on their joint attributes, maximizes its utility. In both examples, an identifiable agent confronts and makes real choices.
Now consider the case of site-level land-use change. The agent in this case should be the site owner (or developer with site control). Each owner is confronted with the decision of whether or not to initiate a land-use change. The factors influencing that decision will include, among others, the attributes of the site and present market conditions. Following the logic identified above, each owner should make the land-use change decision (including the possibility of no change) which maximizes his or her profits.
Yet, as noted previously, the unit of analysis (or observation) is the site, not the developer or landowner. And though we have reasonably complete information on the characteristics of sites (16) we lack information regarding the characteristics and motivations of land owners and developers. Put another way, the model lacks agents.
To overcome this problem, we again invoke the idea of competition. We argue first that, given a highly competitive market and few barriers to entry, the agent does not matter. Factors such as whether a particular developer is well capitalized or poorly capitalized, whether they specialize in residential development or retail development, whether their experience is local or national, are, in a competitive market, likely to be of far less importance than the demand for urban development and the availability of appropriate sites. (17) General specification Having presented the theory and assumptions behind the use of the multinomial logit estimator, we conclude part 1 with the general specification of the LUC submodel. It is:
P[(land-use change) i;/w ] = f [(initial siteuse) /? (site characteristics) z ., (site accessibility) ; , (community characteristics)^, (policy factors) /y , (relationships to neighboring sites),], where P [(land-use change)^] indicates the probability that site / in community j changed from land-use k to land-use / between 1985 and 1995; i indicates each site; k, the initial (in 1985) land use of site /, is either undeveloped or developed; /, the terminal (in 1995) land use of site i, is either single-family residential, multifamily residential, commercial, industrial, or else is unchanged from the initial use. In Part 2 of this paper, we further develop and calibrate the LUC submodel.
(16) Most of the site information we do have pertains to hectare grid cells, not actual parcels. Parcels are sites which have a legal identity and can be bought and sold. As such, they may be associated with agents-typically the parcel owner. Hectare grid cells have none of these attributes.
(17) In a similar vein, we assume that parcel lines can be adjusted. Landowners can subdivide existing parcels, merge small parcels into larger ones, and petition for land-use changes and rezoning. Indeed, one way many successful developers become successful is by assembling and upzoning disjointed or 'underzoned' sites. This allows them to 'buy low' and 'sell high'.
